108 ARF = acute renal failure; Atot = total concentration of nonvolatile weak acid; CVVH = continuous venovenous hemofiltration; CVVHDF = continuous venovenous hemodiafiltration; HVHF = high-volume hemofiltration; IHD = intermittent hemodialysis; PCO 2 = partial carbon dioxide tension; RRT = renal replacement therapy; SID = strong ion difference; SIG = strong ion gap.
acidosis has been demonstrated to be an indicator of poor prognosis [5] . The rationale behind the perceived need to correct severe acidosis lies in the potential adverse cellular effects of such metabolic disturbance on myocardial function, likelihood of arrhythmias, and pulmonary vascular tone. However, very few studies [6] have in fact established that clinically significant benefits might arise from the correction of such acidosis.
Nonetheless, renal replacement therapy (RRT) such as intermittent hemodialysis (IHD), continuous venovenous hemofiltration (CVVH), continous venovenous hemodailysis, and continuous venovenous hemodiafiltration (CVVHDF) has been applied to the treatment of critically ill patients with ARF to improve fluid overload, uremia, and acid-base disorders. The use of RRT and adjustments in the replacement solutions administered to acidotic critically ill patients with ARF can have a substantial effect on acid-base homeostasis. Furthermore, high-volume hemofiltration (HVHF) may have an even stronger effect on acid-base disorders. Therefore, improving our understanding of the impact of RRT on acid-base disorders and gaining insights into the nature of such disorders and the mechanisms of action of RRT are important.
In the present review we explore the acid-base disorders seen in ARF, the effect of RRT and its modalities on acid-base disorders, the effect of replacement fluid on acid-base balance, and the effect of HVHF on acid-base balance. A strong focus is given to the clinical implications of these interventions, with the aim of helping clinicians better understand and manage the acid-base disorders in ARF and critically ill patients in general.
Acid-base analysis using the Stewart-Figge methodology
As described above, the pathogenesis of acid-base disorders of ARF remains unknown and the cause of acidosis in ARF patients is probably multifactorial. It is hard to quantitatively approciate such multifactorial metabolic disorders by means of the classical Henderson-Hasselbach method. Recently, however, quantitative acid-base analysis using the Stewart-Figge approach [7, 8] 
Acid-base balance in acute renal failure
Classically, metabolic acidosis in renal failure is described as a high anion gap metabolic acidosis. However, in the clinical setting, the anion gap is not always elevated. These findings might lead clinicians to diagnostic and therapeutic confusion.
In these situations, quantitative analysis using the StewartFigge approach can be helpful. In this regard, Rocktaeschel and coworkers [9] recently examined the acid-base status of ARF patients using the Stewart-Figge methodology and demonstrated several features. First, critically ill patients with ARF were typically acidemic compared with control patients (Fig. 1) . Second, this acidemia appeared secondary to metabolic acidosis with a mean base excess of approximately -7 mEq/l, which appeared secondary to the accumulation of lactate, phosphate, and unmeasured anions (possible candidates for these unmeasured anions include sulfate, urate, hydroxypropionate, oxalate, and furanpropionate [10] ; Fig. 2 ). Third, in these patients there was also a marked failure to alter the apparent SID to achieve a degree of metabolic compensation (Fig. 3) . Despite this finding, half of the ARF patients had an anion gap within the normal range. Furthermore, these acidifying disorders were attenuated by a concomitant metabolic alkalosis, which was essentially secondary to hypoalbuminemia. Hypoalbuminemia lowered the anion gap and masked the presence of acidifying anions to those clinicians using conventional acid-base analysis.
Effect of renal replacement therapy on acid-base balance
There are two major modalities of RRT. One is intermittent and the other continuous. Few studies have been done to detect which modality is better in terms of acid-base control. Uchino and coworkers [11] compared the effect on acid-base balance of IHD and CVVHDF. Before treatment, metabolic acidosis was common in both groups (63.2% for IHD and 54.3% for CVVHDF). Both IHD and CVVHDF corrected metabolic acidosis. However, the rate and degree of correction differed significantly. CVVHDF normalized metabolic acidosis more rapidly and more effectively during the first 24 hours than did IHD (P < 0.01). IHD was also associated with a higher incidence of metabolic acidosis than was CVVHDF during the subsequent 2 week treatment period (P < 0.005; Fig. 4 ). Accordingly, CVVHDF can be considered physiologically superior to IHD in the correction of metabolic acidosis. The overwhelming superiority of continuous RRT in terms of control of acidosis was also recently established in comparison with peritoneal dialysis, with all patients randomized to CVVH achieving correction of acidosis by 50 hours of treatment, compared with only 15% of those treated by peritoneal dialysis (P < 0.001) [12] . How does continuous RRT correct acidosis?
To gain insights into the mechanisms by which continuous RRT corrects metabolic acidosis in ARF, Rocktaschel and coworkers [13] studied the effect of CVVH on acid-base balance using the Stewart-Figge methodology. Before commencing CVVH, patients had mild acidemia secondary to metabolic acidosis. This acidosis was due to increased unmeasured anions (SIG 12.3 mEq/l), hyperphosphatemia, and hyperlactatemia. It was attenuated by the alkalizing effect of hypoalbuminemia. Once CVVH was commenced, acidemia was corrected within 24 hours. This change was associated with a decreased SIG, and decreased phosphate and chloride concentrations. This correction was so powerful and dominant that, after 3 days of CVVH, patients developed alkalemia secondary to metabolic alkalosis (bicarbonate 29.8 mmol/l, base excess 6.7 mmol/l; Fig. 1 ). This alkalemia appeared due to a further decrease in SIG and a further decrease in serum phosphate concentration in the setting of persistent hypoalbuminemia. Hence, CVVH appears to Differences in strong ion gap (SIG) between (ARF) patients and controls in an intensive care unit.
Figure 3
Differences in apparent strong ion difference (SIDa) between acute renal failure (ARF) patients and control individuals in an intensive care unit.
Figure 1
Difference in pH between patients with acute renal failure (ARF) in an intensive care unit (ICU) and a control population of ICU patients.
correct metabolic acidosis in ARF through its effects on unmeasured anions, phosphate, and chloride. Once hemofiltration is established, it becomes the dominant force in controlling metabolic acid-base status, and in stable patients it typically results in a degree of metabolic alkalosis.
Effect of replacement fluid composition (lactate, acetate, bicarbonate, and citrate)
The exchange of approximately 30 l plasma water per day is necessary to achieve adequate control of uremia and acid-base disorders in ARF [14] . During continuous RRT, according to conventional acid-base thinking, there is a substantial loss of endogenous bicarbonate, which must be substituted by the addition of 'buffer' substances. (According to the Stewart-Figge approach, the explanation for this is that there is loss of a fluid with an SID of approximately 40 mEq/l, which must be replaced by a fluid with a similar SID.)
Lactate, acetate, and bicarbonate have been used as 'buffers' (or SID generators according to Stewart [7] ) during RRT. Citrate has been used as a 'buffer' and for anticoagulation. These 'buffers' affect acid-base balance, and therefore we must understand their physiologic characteristics.
Bicarbonate has the major advantage of being the most physiologic anion equivalent. However, the production of a commercially available bicarbonate-based solution is not easy because of the formation of calcium and magnesium salts during long-term storage. Furthermore, the cost of this solution is approximately three times greater than that of other 'buffer' solutions. Accordingly, acetate and lactate have been used widely for RRT. Under normal conditions, acetate is rapidly converted on a 1:1 basis to carbon dioxide and then bicarbonate by both liver and skeletal muscle. Lactate is also rapidly converted in the liver on a 1:1 basis [15] .
Studies of acetate-based solutions appear to exert a negative influence on the mean arterial blood pressure and cardiac function in the critically ill [16] [17] [18] . Morgera and coworkers [19] compared acid-base balance between acetate-buffered and lactate-buffered replacement fluids, and reported that the acetate-buffered solution was associated with a significant lower pH and bicarbonate levels than was the lactatebuffered solution. However, the acetate-buffered solution had 9.5 mmol/l less 'buffer' than the lactate-buffered one. Therefore, the difference is probably simply a matter of dose rather than choice of 'buffer'. From the Stewart-Figge perspective, the acetate-buffered solution contained 8 mmol/l chloride more than the lactate-buffered solution to achieve electrical equilibrium. This reduces the SID of the replacement fluid and acidifies blood more.
Thomas and coworkers [20] (Fig. 7) . The controversy can, of course, also be resolved by failure to convert exogenous lactate into bicarbonate.
Most commercially available replacement fluids are buffered with approximately 40-46 mmol/l lactate. In the vast majority of patients, the administration of such replacement fluid maintains a normal serum bicarbonate level without any significant increase in blood lactate concentration. Because the ability of the liver to metabolize lactate is in the region of 100 mmol/hour [22] , even aggressive CVVH at 2 l/hour exchange would still deliver less than the normal liver can handle.
Available online http://ccforum.com/content/8/2/108
Figure 4
Box plot illustrating bicarbonate control with intermittent dialysis (IHD) and continuous therapy (continuous venovenous hemodiafiltration
However, if lactate-based dialysate or replacement fluids are used in some patients with liver dysfunction or shock, then the administration of lactate-buffered fluids can induce significant hyperlactatemia and acidosis because the metabolic rate is insufficient to meet the additional lactate load. Although lactate normally acts as a 'buffer' by being removed from the circulation and thereby lowering the SID, if lactate is only partly metabolized and accumulates in plasma water then it acts like a strong anion. Thus, hyperlactatemia decreases the apparent SID, which results in increased dissociation of plasma water and thereby lowers the pH.
Citrate has been used for regional anticoagulation. During this procedure, citrate is administered to the circuit before the filter and chelates calcium, thus impeding coagulation. Once citrate enters the circulation, it is metabolized to carbon dioxide and then bicarbonate on a 1: 3 basis; thus, 1 mmol citrate yields 3 mmol carbon dioxide and then bicarbonate.
Under these circumstances, citrate acts as the 'buffer' as well as the anticoagulant. If the method described by Mehta and coworkers [23] is applied, then approximately 48 mmol/hour 'bicarbonate equivalent' is given as citrate. This rate of alkali administration may result in metabolic alkalosis (in up to 25% of cases). Caution is warranted in patients with liver disease, who may not be able to metabolize citrate. In these patients, citrate may accumulate and result in severe ionized hypocalcemia and metabolic acidosis because the citrate anion (C 6 H 5 O 7 3-) acts as an unmeasured anion and increases the SIG, which has acidifying effects.
When oxidizable anions are used in the replacement fluids, the anion (acetate, lactate, and citrate) must be completely oxidized to carbon dioxide and water in order to generate bicarbonate. If the metabolic conversion of nonbicarbonate anions proceeds without accumulation, then their buffering capacity is equal to that of bicarbonate. Thus, the effect on acid-base status depends on the 'buffer' concentration rather than on the kind of 'buffer' used [15] . When the metabolic conversion is impaired, the increased blood concentration of the anions leads to an increased strong anion in lactate or unmeasured anions for acetate and citrate. All lower the apparent SID and acidify blood. The nature and extent of these acid-base changes is governed by the intensity of plasma water exchange/dialysis, by the 'buffer' content of the replacement fluid/dialysate, and by the metabolic rate for these anions.
Effect of high volume hemofiltration on acid-base balance
Recently, HVHF was applied to the treatment of septic shock patients, with favorable hemodynamic results [24] . However,
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Figure 6
Effect of bicarbonate-based replacement fluids (bicarbonate RF) and lactate-based replacement fluids (lactate RF) on base excess.
Figure 7
Effect of bicarbonate-based replacement fluids (bicarbonate RF) and lactate-based replacement fluids (lactate RF) on serum bicarbonate levels.
Figure 5
Effect of bicarbonate-based replacement fluids (bicarbonate RF) and lactate-based replacement fluids (lactate RF) on blood lactate levels.
if commercial lactate-buffered replacement fluid is used during HVHF, then patients might receive more than 270 mmol/hour exogenous lactate. This lactate load could overcome endogenous lactate metabolism, even in healthy subjects [25] , and result in progressive hyperlactatemia. Hyperlactatemia has been reported with lactate-buffered fluids in critically ill ARF patients treated with intermittent hemofiltration and a lactate load of 190-210 mmol/hour [16] . Such hyperlactatemia might induce a metabolic acidosis. Cole and coworkers [26] studied the effect of HVHF on acid-base balance. HVHF with lactate-buffered replacement fluids (6 l/hour of lactate-buffered fluids) induced iatrogenic hyperlactatemia. Plasma lactate levels increased from a median of 2.51 mmol/l to a median of 7.3 mmol/l at 2 hours (Fig. 8) . This change was accompanied by a significant decrease in bicarbonate and base excess. However, such hyperlactatemia had only a mild and transient acidifying effect. A decrease in chloride and effective SID and the removal of unmeasured anions (decrease in SIG) all rapidly compensated for this effect (Fig. 9) . Thus, the final effect was that HVHF induced only a minor change in pH from 7.42 to 7.39 at 2 hours. In the period from 2 to 8 hours, the blood lactate concentration remained stable at around 7-8 mmol/l, whereas compensatory effects continued, which restored bicarbonate levels to 27.2 mmol/l and pH to 7.44 by 8 hours of treatment.
Although the chloride concentration in the replacement fluid was high compared with the serum chloride level, a progressive decrease in chloride was observed. This might be due to chloride losses in excess of gains. Uchino and coworkers [27] examined the sieving coefficient for chloride during HVHF and found a sieving coefficient for chloride in excess of 1. Another possible explanation for hypochloremia would be the intracellular movement of chloride in response to metabolic acidosis (chloride shift). A decrease in effective SID was explained by the aggregate minor changes in arterial PCO 2 , albumin, and phosphate. The changes in SIG appeared most likely to be due to simple filtration of unmeasured anion.
Consequently, HVHF with lactate-buffered fluids induced a marked hyperlactatemia but did not induce a progressive acidosis. However, caution is warranted in particular patients who have marked pretreatment hyperlactatemia (> 5 mmol/l) or liver dysfunction, or where the intensity of HVHF exceeds 6 l/hour plasma water exchange. Bicarbonate use is warranted in such patients.
Conclusion
RRT can strongly affect acid-base disorders and can be used to correct severe metabolic acidosis. If the dose of treatment is titrated to achieve such a goal, essentially even the most dramatic metabolic acidosis can be corrected. Replacement fluid solutions containing 'buffers' such as lactate, acetate, bicarbonate, and citrate can have a variable effect on acid-base balance, depending on the dose and rate of metabolic disposition, as clearly seen in the setting of HVHF. Critical care physicians must understand the nature, origin, and magnitude of the alterations in acid-base status seen with ARF and associated disorders, and the powerful effects of continuous hemofiltration if they wish to provide their patients with safe and effective care. Effect of high-volume hemofiltration (HVHF) on chloride, effective strong ion difference (SIDe), and strong ion gap (SIG).
Figure 8
Effect of high-volume hemofiltration (HVHF) on lactate, bicarbonate, and base excess.
